A unified approach for assessing aircraft susceptibility to aircraft-pilot coupling (or pilot-induced oscillations) which was previously reported in the literature and applied to linear systems is extended to nonlinear systems, with emphasis upon vehicles with actuator rate saturation.
Introduction
An adverse aircraft-pilot coupling (APC) or pilot-induced oscillation (PIO) can be defined as an unwanted, inadvertent and atypical closed-loop coupling between a pilot and the response variables of an aircraft. _ For the uninitiated reader, a concise historical perspective of the APC/PIO problem can be found in Ref. 2. The importance and serious nature of APC/PIO's in the development of modern aircraft with fly-by-wire (FBW) flight control systems has led NASA to sponsoring a National Research Council (NRC) Committee to study the APC/PIO problem. J More recent results can be found in the summary of four research efforts sponsored by the Air Force. (,5.6,7 Despite continuing research in this area, there has been little consensus about the APC/PIO phenomenon in terms of the pilot behavior that initiates and sustains the oscillation. To help fill this void, the first author has proposed a unifying theory and methodology for assessing both the handling qualities and the APC/PIO susceptibility of aircraft and flight control systems described by linear dynamics. 8 Although APC/PIO susceptibility is certainly a handling qualities issue, discussing the two in separate fashion is not unreasonable, given the demonstrable fact that an aircraft can exhibit poor handling qualities and still not be APC/PIO prone.
Although the pilot/vehicle modeling procedure to be discussed has been applied to the study of "roll ratchet'9 (a high-frequency APC/PIO) this phenomenon will not be discussed here.
The technique for assessing linear handling qualities and APC/PlO susceptibility is reviewed in the next section and is based upon the work of Ref. 8. A means of extending this methodology to nonlinear systems is then presented. A series of examples demonstrate the use of the methodology in prediction of APC/PIO susceptibility.
A brief discussion, a synopsis of the analysis technique, and a statement of conclusions follow.
Overview of a Unified Theory for Handling
Qualities and APCfPIO The methodology for assessing vehicle handling qualities and APC/PlO susceptibility is based upon a revised structural model of the human pilot shown in Fig. I and discussed in detail in Refs. 8 and 9. This model has its genesis in an earlier structural model,t°and in a later modification of that model, u As shown in Fig. 1 , the model describes compensatory pilot behavior, i.e., behavior involving closed-loop tracking in which the visual input is system error. The elements within the dashed box represent the dynamics of the human pilot. The reader is referred to Ref. 8 for a thorough discussion of the model and its parameterization in pilot/vehicle analyses. Only a brief ZProfessor, Associate Fellow AIAA 2Graduate Student, Senior Member AIAA ) 1 spectral density of a proprioceptive feedback signal within a structural pilot model, the parameters of which have been selected in a specific manner. Rather than relying upon describing function analyses, the technique employs a computer simulation of the pilot/vehicle system. As such, it is not limited to single, isolated nonlinearities.
The APC/PIO frequency for vehicles predicted to have a PIOR z 4 can be bracketed by:
(1) the frequency of the stable limit cycle produced with the minimum error-rate gain in the model when no proprioceptive feedback is being used, and (2) the frequency at which the peak in the sealed power spectral density of the proprioceptive feedback signal in the pilot model occurs when such feedback is being used. As in the case of all such techniques aimed toward the prediction of nonlinear APC/PIO events, an adequate data base needs to be created so the proposed methodology can be evaluated and improved. The PSD of u= is defined as
where the PSD of the input c(t) is given by 
The PIOR scale itself is shown in Fig. 3 . Figure 4 shows the @,,._, (o) bounds resulting from the study of in the pilot model of Fig. 1 
where represents the PSD obtained 4 American Institute of Aeronautics and Astronautics directly from the simulation using the input with PSD given by Eq. II. Just as in Eqs. 7, the K, term appearing in Eq. 13 effectively removes control sensitivity effects from the calculation of _,_ (_). The final term on the right hand side of Eq. 13 is the reciprocal of the final term on the right hand side of Eq. I I. Including this term in Eq. 13 removes scaling effects introduced in Eq. II and allows use of the bounds of Fig. 4 to assess APC/PIO susceptibility.
Calculating [¢),o, (_0)l**,,] is a fairly straightforward task given the computer-aided control system design and signal analysis packages or "toolboxes" currently available. This will be demonstrated in what follows.
Bracketing the APC/PIO Frequency
A procedure was created for predicting or bracketing the APCIPIO frequency in nonlinear systems experiencing saturation, which parallels that developed for linear systems, Fig. 1, i. e., the value of K_ for neutral stability was determined. For a vehicle with nonlinear dynamics this procedure must be modified: The input command c(t) is set to zero and a doublet stick force of brief duration (e.g., 2 s) is injected at the input to the force-feel system in the closed-loop, pilot/vehicle simulation.
The amplitude of the force doublet corresponds to a static stick displacement equal to the max.imum physical stick displacement in the cockpit. A minimum value of K_ is then found which produces a stable limit cycle of frequency cas. Thus,
The existence a lower and higher possible APC/PIO frequency identified in the manner just described should be common to any configuration which is susceptible to APC/PIO. The reason: The open-loop transfer functions of each pilot/vehicle system will be forced to follow the dictates of Eq. 4, and thus share a common (but not identical) frequency domain description. The rationale behind bracketing a frequency range in which an APC/PIO frequency might occur is the possibility that an APC/PIO encounter may involve either or both types of pilot behavior (normal or "regressive").
Discussion
It should be noted that the issue of predicting APC/PIO susceptibility attributable to actuator rate saturation has drawn the attention of many researchers. <5._,7._(.Is These approaches are all potentially useful. In terms of complexity, however, the methodology proposed in Ref. 8 and herein may be the simplest, i.e., no describing function analyses or special optimization procedures are required. Finally, it should be noted that the procedure for determining Category 1I susceptibility is not limited to systems with a single, isolated nonlinearity. For exam'ple, consider the ease where vehicle pitch attitude is controlled by eanard, elevator and thrust vectoring nozzle, each driven by an actuator with different rate limits. The procedure just outlined can be applied to this vehicle as easily as to one with a single control effector and actuator, albeit with some additional complexity involved in vehicle modeling and simulation.
The handling qualities assessmem technique using the HQSF was not extended to nonlinear systems herein. However such an extension is possible and could involve calculating the HQSF with existing techniques for determining the Laplace transforms of input-output pairs of nonlinear systems _6. Such an study would provide an interesting avenue for future research. Finally, the methodology discussed here will capture the effects of comrol sensitivity upon APC/PIO susceptibility only as far as these effects influence the amount of actuator rate saturation that occurs with RMS stick displacements as defined in Eq. 12.
Examples: Configurations from the LAHOS Data Base
Each of the examples that follow requires appropriate pilot models as described in the previous section and summarized in Eqs. 1-5. Selecting model parameters requires no guesswork by the analyst, with the possible exception of the value of "a" implied by Eq. 2. Selecting a suitable "a" via Eqs. 4 and 5 may require some engineering judgement. This is particularly true when higher-order aircraft models are employed. For example, consider the case when Eq. 5
indicates Ym, requires the form K/(s+a) but no simple isolated pole exists in the vehicle transfer function. 7 indicates a peak in @,_, (to) at 1.93 rad/s. This, result is of little consequence here since the purpose of the injected doublet is merely to excite the system sufficiently to express the limit cycle. Figure 8 shows 
The large difference between these frequencies (nearly a factor of 2) deserves some comment.
If one considers
Config. 4-7 of Fig. 7 (with Configuration 4-7 also possessed a stick filter, however it was a second-order filter with an undamped natural frequency of 12.0 rad/s and a damping ratio of 0.7.
As Table 1 Category I The linear system is analyzed first to determine the likelihood of linear APC/PIO events.
If _,., (o) obtained from Eq. 8 using the command input of Eq. 9 exceeds the bound of Fig. 4 associated with 2 < PIOR < 4 in Fig. 4, an , (o) .
The higher frequency is obtained through a second simulation. Switches $1 and S 2 in the model of The amplitude of the force doublet corresponds to a static stick displacement equal to the maximum physical stick displacement in the cockpit. The higher APC/PIO frequency is the frequency of the limit stable limit cycle associated with the smallest value of K, which yields a stable limit cycle.
Conclusions
One 
